Several "yellows type" diseases of Trifolium spp. have been attributed to infection by phytoplasmas (formerly termed mycoplasmalike organisms, MLOs). Clover phyllody diseases are widespread and have been the most frequently reported phytoplasmal diseases of Trifolium spp. Clover phyllody has been described in regions including former Czechoslovakia (25), Canada (7), France (14, 24) , Italy (1,3), Romania (27, 29) , Germany (19), and Denmark (2). Additional clover and other legume diseases attributed to phytoplasmas include stolbur and parastolbur in former and Romania (26, 28) , clover dwarf in Lithuania (13,35), clover yellow edge in Canada (8), clover proliferation in Canada (16), legume little leaf disease in Australia (5,6), and witches' broom of alfalfa in Russia (23).
Several "yellows type" diseases of Trifolium spp. have been attributed to infection by phytoplasmas (formerly termed mycoplasmalike organisms, MLOs). Clover phyllody diseases are widespread and have been the most frequently reported phytoplasmal diseases of Trifolium spp. Clover phyllody has been described in regions including former Czechoslovakia (25) , Canada (7), France (14,24), Italy (1,3), Romania (27, 29) , Germany (19) , and Denmark (2). Additional clover and other legume diseases attributed to phytoplasmas include stolbur and parastolbur in former Czechoslovakia (36) (37) (38) (39) and Romania (26, 28) , clover dwarf in Lithuania (13, 35) , clover yellow edge in Canada (8), clover proliferation in Canada (16) , legume little leaf disease in Australia (5,6), and witches' broom of alfalfa in Russia (23) .
Phytoplasmas associated with diseases of clover in Canada and Italy have been classified according to analyses of conserved gene sequences. Based on analyses of 16S rRNA gene sequences, clover phyllody (CPh) phytoplasma strains from Canada (CPh-C; 22) have been classified in subgroup C of the aster yellows group (group 16SrI, subgroup C sensu Lee et al.; 22) . Clover yellow edge (CYE) phytoplasma from Canada (CYE-C) has been classified in subgroup B of the X-disease phytoplasma group (group 16SrIII, subgroup B); and clover proliferation (CP) phytoplasma from Canada (CP-C) has been classified in subgroup A of the clover proliferation group (group 16SrVI). Phytoplasmas associated with clover phyllody in Italy belong to groups I and III (11). Prior to our study, phytoplasma strains associated with other diseases of Trifolium spp., including clover dwarf, had not been characterized by molecular methods.
We have observed naturally diseased plants of T. repens exhibiting symptoms of clover dwarf disease throughout Lithuania since 1965. Plants of T. repens, T. hybridum, and T. pratense exhibiting symptoms of clover phyllody have similarly been observed throughout Lithuania during the same time period. Pathogen strains associated with the clover phyllody and clover dwarf diseases were transmitted to a wide range of plant species through the use of the parasitic plant dodder (Cuscuta sp.) or by leafhopper vectors (13; L. Genyte, unpublished Ph.D. thesis). The results from those experiments indicated that the clover phyllody and clover dwarf pathogens could be differentiated from one another on the basis of transmission characteristics, plant host range, and symptoms induced in plants. In the present study, we investigated naturally diseased plants of Trifolium spp. exhibiting symptoms typical of clover phyllody or clover dwarf in Lithuania. Our objectives were to confirm the association of phytoplasmas with these diseases and to determine the relatedness of the phytoplasmas to phytoplasmas found in clover and other plants elsewhere.
MATERIALS AND METHODS
Plant samples and reference phytoplasma strains. Samples of leaves were collected during August 1998 from eight naturally infected clover plants exhibiting symptoms of phyllody or dwarfing in Voke and Dotnuva, Lithuania (Table 1) . One sample was taken from each plant. Phytoplasmas maintained in plants of periwinkle (Catharanthus roseus L. (G.) Don) and used as references included Canada peach X-disease (CX), CYE = CYE-C, CPh = CPh-C, and CP = CP-C phytoplasmas, all of which originated in Canada (21) .
Conditions and primers for polymerase chain reactions. Nucleic acid for use as a template in polymerase chain reaction (PCR) was extracted from plant tissue by a previously described method (22) . After extraction, DNA was purified using a GeneCleanIII kit as specified by the manufacturer (BIO 101, Inc., Vista, CA).
Five pairs of oligonucleotide primers were used in PCRs. Primer pairs R16mF2/R16R1 (15), P1/P7 (10,33), and R16F2n/R16R2 (15) were used to prime phytoplasma-universal amplification of ribosomal (r)RNA operon sequences (rDNA) in nested PCRs. Primer pairs R16(I)F1/R16(I)R1 (specific for group 16SrI phytoplasma rDNA) (20) and R16(III)F2/R16(III)R1 (specific for group 16SrIII phytoplasma rDNA) (20) were used to prime rDNA amplification in group-specific nested PCRs. In phytoplasma-universal nested PCRs, DNA amplified in PCR primed by R16mF2/R1 or by P1/P7 was diluted 1:50 with sterile distilled water and used as a template in PCR primed by R16F2n/R2, which primes amplification of a segment of the 16S rRNA gene approximately 1.2 kbp in size. PCRs were carried out as previously described (18) . In group-specific PCRs, DNA amplified in PCR primed by R16mF2/R1 or by P1/P7 was diluted 1:50 with sterile distilled water and used as a template in PCR primed by R16(I)F1/R16(I)R1 or by R16(III)F2/R16(III)R1. Resulting PCR products were analyzed by electrophoresis through 1% agarose gel and stained with ethidium bromide, and DNA bands were visualized using a UV transilluminator. The DNA fragment size standard was a 1-kb ladder (Life Technologies, Gaithersburg, MD).
Restriction fragment length polymorphism analyses. Products from PCR primed by R16F2n/R2 were analyzed by single endonuclease enzyme digestion, according to the manufacturer's instructions, with AluI, HhaI, KpnI (Life Technologies, Gaithersburg, MD), HaeIII, HinfI, HpaI, HpaII, MseI, RsaI, Sau3AI, and TaqI, (New England BioLabs, Beverly, MA). The restriction fragment length polymorphism (RFLP) profile of digested DNA was analyzed by electrophoresis through 5% polyacrylamide gel, staining in ethidium bromide, and visualization using a UV transilluminator. The DNA fragment size standard used was PhiX174 RF HaeIII digest (Life Technologies). RFLP patterns were compared with those obtained using the phytoplasmas in this study and with RFLP patterns previously published (9, 21, 22, 40) . Phytoplasma 16S rRNA group and subgroup designations were based on RFLP analysis following the system of Lee et al. (21, 22) .
Cloning of PCR products and screening of cloned rRNA operon sequences. We cloned phytoplasmal rDNA products, which had been amplified in direct (non-nested) PCRs primed by P1/P7, using the TOPO-TA PCR Cloning Kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Recombinant plasmids were screened for the presence of cloned rRNA operon fragments by amplification of DNA from recombinant plasmids in PCRs primed by R16F2n/ R16R2 or by P1/P7 followed by RFLP analysis of the amplified, cloned DNA. The RFLP profiles were compared with those obtained from analysis of amplified, uncloned rDNA products of PCRs containing template DNAs from phytoplasma infected plants.
Nucleotide sequencing and putative restriction site analysis. The sequences of a cloned fragment (1.8-kbp) of the rRNA operon of CYE-L phytoplasma and a corresponding fragment of CYE-C phytoplasma were determined by automated sequencing and were deposited in the GenBank data library. Other phytoplasma 16S rDNA sequences were obtained from GenBank. Sequences were aligned and sequence similarities evaluated by using the DNASTAR program Align option (DNASTAR, Inc., Madison, WI). Putative restriction site maps were generated by using the DNASTAR program MapDraw option.
Nucleotide sequence accession numbers. The GenBank accession numbers for the rRNA operon sequences of CYE-L, CYE-C, and other phytoplasma strains used in this study are listed in Table 2 .
RESULTS
Symptoms in diseased plants of clover. Two symptom syndromes were observed among the eight plants of Trifolium spp. (clover) that were studied. Six plants exhibited virescence and phyllody of flowers, a syndrome typical of clover phyllody disease as previously described (7); the remaining two plants had abnormally small leaves, shortened internodes, proliferation of shoots, and compact, dwarf growth habit, a syndrome characteristic of a disease which we term clover dwarf (Fig. 1 ). This latter syndrome closely resembled that previously described for clover dwarf disease in Lithuania (35) and Czechoslovakia (37) and was similar in several respects to symptoms described for parastolbur disease of T. repens in Czechoslovakia (37) .
Detection and classification of phytoplasmas using group-specific PCRs and RFLP analysis of amplified 16S rDNA. a Similarity between comparable 1.5-kbp sequences was estimated using the Align option of DNASTAR program. b CYE-L = group III subgroup B clover yellow edge phytoplasma from dwarf-diseased plants of clover in Lithuania, CYE-C = clover yellow edge phytoplasma from Canada, ICPh = Italian clover phyllody phytoplasma, VacWB = Vaccinium witches' broom phytoplasma from Germany, WX = peach western X-disease phytoplasma, and MIAY = Michigan aster yellows phytoplasma (GenBank accession no. of DNA M30970). 16S rRNA restri ction fragment length polymorphism group and subgroup are given in parentheses. Phytoplasmas were detected in all eight diseased plants on the basis of amplification of phytoplasmal 16S rDNA in nested PCR primed by phytoplasma universal primer pairs (Fig. 2) . Products of PCR primed by F2n/R2 from all eight plants were subjected to RFLP analysis using 11 restriction enzymes. The RFLP patterns of 16S rDNA indicated that the diseased Trifolium spp. plants were infected by two mutually distinct phytoplasmas (Table 1) 22) . The results indicated that these plants, which exhibited symptoms characteristic of clover phyllody disease described in Canada (7), were infected by phytoplasma strains belonging to group I (aster yellows group), subgroup C (clover phyllody phytoplasma subgroup). The phytoplasmas detected in these five plants exhibited the same collective RFLP patterns; therefore, we consider them to be strains of a single phytoplasma which we designate clover phyllody phytoplasma-Lithuania (CPh-L). The sum of the sizes of rDNA fragments in the AluI (Fig. 4) and HaeIII and MseI (data not shown) RFLP patterns exceeded the size of 1.2 kbp expected for a product of PCR primed by R16F2n/ R16R2; we interpreted this pattern to indicate the presence of two sequence heterogeneous 16S rRNA genes in the CPh-L phytoplasma, as previously interpreted (22) for CPh phytoplasma in Canada.
The collective RFLP patterns of 16S rDNA from plants 2 and 6 indicated that both of these plants, which exhibited symptoms characteristic of clover dwarf disease, were simultaneously infected by two different phytoplasmas (Figs. 3 and 4) . The DNA pattern was faint and is not visible for one of the two phytoplasmas in plants 2 and 6. The RFLP patterns, obtained by the use of 11 restriction enzymes (data from use of nine enzymes not shown), were compared with patterns previously published (9, 21, 22, 40) and with RFLP patterns of amplified 16S rDNA from CPh-C, CP, CYE-C, and CX phytoplasmas used as controls (Figs. 3 and 4) . Visual superimposition of the published (20, 22) and control RFLP patterns of rDNAs from CPh-C and CYE-C phytoplasmas yielded RFLP patterns indistinguishable from those of rDNA amplified from plants 2 and 6. This result indicated that the RFLP patterns of rDNA from plants 2 and 6 could be interpreted as composites of the RFLP patterns of rDNAs from a CPh-C-related phytoplasma and a CYE-C-related phytoplasma. On the basis of these results, we tentatively concluded that plants 2 and 6 were infected by CPh-L phytoplasma and a phytoplasma, which we designate clover yellow edgeLithuania (CYE-L), belonging to group III (X-disease phytoplasma group), subgroup B (CYE phytoplasma subgroup).
To confirm phytoplasmal infection of the Trifolium spp. plants, and to verify that the plants were infected by phytoplasmas affiliated with groups 16SrI and 16SrIII, we used PCRs primed by group-specific primers. Group I phytoplasma-specific DNA amplification was observed in PCRs containing template DNAs from all plants; group 16SrIII phytoplasma-specific DNA amplification was observed only in PCRs containing template DNAs from plants 2 and 6 (data not shown). 2, 4 , 5, and 6), T. hybridum (lanes 3 and 7), and T. pratense (lane 8). CPh-C (clover phyllody), CYE-C (clover yellow edge), CP-C (clover proliferation), and CX (Canada X-disease): products of PCRs that contained template DNAs derived from reference phytoplasmas. Nucleotide sequence of cloned rRNA operon fragment from CYE-L phytoplasma. The CPh-L phytoplasma was classified in group 16SrI, subgroup C, which apparently is found elsewhere in Europe (11); therefore, DNA from this phytoplasma was not subjected to nucleotide sequence analysis. Different group III phytoplasmas may occur in Europe (11); therefore, we determined the nucleotide sequence of a cloned 1.8-kbp fragment of the rRNA operon from CYE-L phytoplasma. Expected fragment sizes based on analysis of putative restriction sites were in excellent agreement with fragment sizes obtained by enzymatic RFLP analysis of amplified rRNA operon sequences from CYE-L phytoplasma and CYE-C phytoplasma (Fig. 5) . CYE-L and CYE-C phytoplasmas were not distinguished from each other by this analysis. Italian clover phyllody (ICPh) phytoplasma differed from both CYE-L and CYE-C on the basis of putative restriction site analysis.
Sequence similarity of the cloned 1.8-kbp rRNA operon sequence (which was amplified with primer pair P1/P7 and included most of the 16S rRNA gene, the 16S-23S rRNA spacer region, and the 5′-end of the 23S rRNA gene) from CYE-L phytoplasma with the comparable cloned sequence from CYE-C phytoplasma from Canada was 99.7% (Table 2) . Base substitutions were observed in four positions. Similarity of a 1.5-kbp sequence of 16S rDNA from CYE-L phytoplasma with aligned 16S rDNA from CYE-C phytoplasma was 99.7%, and with aligned 16S rDNA from ICPh phytoplasma from Italy was 98.8%. These results support the conclusion that phytoplasma CYE-L from clover dwarf-diseased plants in Lithuania is closely related to phytoplasma CYE-C from clover yellow edge-diseased plants in Canada, and that both CYE-C and CYE-L phytoplasmas are related to phytoplasma ICPh from clover phyllody-diseased plants in Italy.
DISCUSSION
The present study characterizes two phytoplasma taxa associated with diseases in clover and extends their known geographical ranges to the region of northern Europe including Lithuania. The results revealed that, on the basis of extensive RFLP analysis of PCR-amplified rDNA sequences, plants with symptoms of clover phyllody disease in Lithuania were infected by a phytoplasma that was closely related to CPh-C phytoplasma in Canada. The results point to clover phyllody-related phytoplasma strains (group 16SrI, subgroup C = subgroup I-C) as the probable cause of clover phyllody disease in Lithuania, because only these phytoplasma strains were detected in plants with symptoms of this disease, and subgroup I-C strains have consistently been found associated with clover phyllody disease in other regions (20, 31) . An exception to the association of subgroup I-C strains with clover phyllody disease is the report of a group 16SrIII (Xdisease phytoplasma group) phytoplasma (phytoplasma ICPh) in clover phyllodydiseased plants in Italy (11).
The results also revealed, for the first time (34) , that clover dwarf disease in Lithuania was associated with plant infection by a mixture of a CPh-related phytoplasma and a phytoplasma (CYE-L) closely related to CYE-C phytoplasma previously known (22) only in Canada. Identification of phytoplasma CYE-L in clover in Lithuania also extends the known geographical range of subgroup III-B phytoplasma strains. The CYE-L phytoplasma may have played a key role in the development of symptoms of clover dwarf disease because only dwarf-diseased plants contained this phytoplasma. However, it is not possible to conclude that clover dwarf is induced by CYE-L phytoplasma alone, because both dwarf-diseased plants studied also contained the CPh-L-related phytoplasma. Although CPh-C and CYE-C phytoplasma strains have been reported in Canada (7,8), clover dwarf has not been reported there. This observation may indicate the existence of unusual CPh-or CYE-related phytoplasma strains in Lithuania. However, symptoms of clover yellow edge (8) and of clover phyllody (this article, 7,11) are relatively mild compared to the severe symptoms of clover dwarf. This observation raises the question of a possible synergistic interaction between CPh-L and CYE-L phytoplasmas in the induction of clover dwarf disease. Alternatively, CYE-L may induce symptoms that are more severe than CYE-related strains reported previously. Further studies are needed to resolve whether or not CYE-L phytoplasma alone can induce clover dwarf disease, or whether the severe symptoms of clover dwarf result from a synergistic interaction between CPh-L and CYE-L phytoplasmas.
Some of the phytoplasmas known to infect Trifolium spp. appear to be limited in geographical distribution (Table 3) , but this impression may be due to paucity of data. For example, clover-infecting and other phytoplasma strains belonging to group 16SrVI (clover proliferation phytoplasma group) have thus far been reported only from North America (17,18,21; Table 3 ). Prior to the discovery of CYE-L phytoplasma in Lithuania (34, this article), group 16SrIII phytoplasmas in clover had only been reported in Italy and Canada (4,11,30,32). However, group III phytoplasmas have been reported in other plant species in Europe. In Italy, phytoplasma strains probably affiliated with subgroup III-B were also identified in diseased plants of Chrysanthemum leucanthemum, Taraxacum offinale, and Crepis biennis (11). In Germany, a phytoplasma belonging to subgroup III-B was reported in diseased plants of Vaccinium myrtillus (21, 32) . Although the present study sheds light on group III-related phytoplasmas in clover in the Baltic region, the distribution of CYE-L and other subgroup III-B phytoplasmas in other regions of Europe, including northern and eastern Europe, remains to be determined. For example, it would be of interest to know what phytoplasma or phytoplasmas may be involved in diseases such as clover dwarf, clover stolbur, and parastolbur of clover reported in Czechoslovakia (37) . Available data (11,21,32, this article) are consistent with the concept that subgroup III-B phytoplasma strains have a widespread European distribution. Their broad plant host range, which includes important agricultural crops, suggests that they could have significant economic impact.
In a study of T. pratense and T. repens in northern Italy, Firrao et al. (11) found that plants exhibiting symptoms of phyllody contained either CPh phytoplasma (group I, subgroup C) or ICPh phytoplasma, or contained both phytoplasmas. RFLP and sequence analyses of 16S rDNA indicated that ICPh phytoplasma was a member of group 16SrIII (X-disease phytoplasma group). On the basis of nucleotide sequence analyses, we tentatively place ICPh phytoplasma in subgroup B of group III. Although ICPh phytoplasma was closely related phylogenetically to CYE-C phytoplasma previously reported in Canada, Firrao et al.
(11) concluded that ICPh and CYE-C phytoplasmas were distinct from one another. Our comparative analysis of nucleotide sequences of rRNA operon fragments indicated that the CYE-L phytoplasma from Lithuania may also be distinct from the ICPh phytoplasma, but the small difference in 16S rDNA sequences indicates that the group 16SrIII subgroup B phytoplasmas reported thus far in Europe should be considered as members of the same rRNA species complex (12) as CYE-C phytoplasma. Nevertheless, it is conceivable that the few base differences among the 16S rRNA genes of these phytoplasmas signal wider distinctions in other conserved genes that could delineate such phytoplasmas as distinct lineages. For this reason, we maintain the designation CYE-L for the group 16SrIII phytoplasma associated with clover dwarf disease in Lithuania, while tentatively classifying this phytoplasma in the CYE-C phytoplasma subgroup (subgroup B of group 16SrIII). 
